Pseudomonas pseudoalcaligenes CECT5344 can be used in cyanide bioremediation processes because it grows at pH 9.5 using 2.0 mM cyanide at the sole nitrogen source. Cyanide strongly binds to metals creating iron-deprivation conditions. The bacterium responds to the presence of cyanide by inducing several processes such as siderophore synthesis for iron capture, cyanide-insensitive respiration system and defence mechanisms against oxidative stress. Since high concentrations of cyanide cause iron deficiency and because iron is an essential nutrient, bacterial growth in the presence of cyanide requires an efficient iron uptake. Fur is a global transcription factor that regulates a diversity of biological processes such as iron homoeostasis, TCA (tricarboxylic acid) cycle metabolism and oxidative stress response. Fur's regulation of iron uptake and storage genes should play a significant role in the lives of these bacteria. In the present review, current knowledge of Fur is summarized.
Introduction
Iron is required for electron-transport pathways (ferredoxins), many metalloenzymes (oxidoreductases, cytochromes and non-haem oxidases) and, in higher animals, for oxygen transport (haemoglobin), thus iron is an essential element for the growth of almost all known organisms [1] . Although iron is one of the most abundant elements in the crust of the earth, aerobic micro-organisms are confronted with the poor solubility of the ferric (Fe 3 + ) form, the predominant iron type under oxic conditions. The ferrous (Fe 2 + ) ion has a much better solubility, but it only exists under anoxic conditions or at very low pH. In addition, iron in aqueous solution can spontaneously become involved in Fenton reactions, where toxic hydroxyl radicals are generated. Thus an excess of free intracellular iron could lead to oxidative stress [2] .
Since all living organisms, with the exception of a few specific bacterial strains, have an absolute requirement for iron to survive and because of the toxicity of excess metal, in order to meet the cellular demand for iron and to avoid toxic side effects, iron-acquisition systems are tightly regulated. To fulfil their needs for iron, organisms have their own highly specialized systems to solubilize, transport and store ferric or ferrous iron [3] .
As with other bacteria, iron is a key nutrient for Pseudomonas spp., ubiquitous Gram-negative Gammaproteobacteria known for their extreme versatility and adaptability. Some Pseudomonas spp. are plant pathogens (Pseudomonas syringae), whereas others can colonize the rhizosphere or survive in soil (Pseudomonas fluorescens and Pseudomonas putida), and one species, Pseudomonas aeruginosa, is an opportunistic pathogen able to infect plants, nematodes, insects and mammals, including humans [4] . Pseudomonas pseudoalcaligenes CECT5344 is an autochthonous, alkaliphilic cyanide-degrading bacterium which assimilates ammonia produced from free cyanide or its metal complexes contained in the industrial waste waters from the jewellery industry [5] . Micro-organisms can metabolize cyanide only when, in addition to a biodegradable pathway to convert cyanide into an assimilative product (NH 4 + ), they also contain a cyanide-resistance mechanism (generally an alternative cyanide-insensitive oxidase) and a system for taking up Fe 3 + from the medium (siderophores), since Fe 3 + forms very stable complexes with cyanide and is not available for the organisms in the presence of this compound [6] .
Ferric uptake regulation
Since iron is an essential nutrient for nearly all bacterial life, but is deadly in excess quantities, iron homoeostasis is strictly regulated. Prokaryotes and eukaryotes possess transcription regulation systems that are responsive to environmental or intracellular metal concentrations. In many cases, these responses are regulated at the level of transcription factors, which contain regulatory binding sites for their appropriate metal ions. The Fur (ferric uptake regulator) protein, is a key regulator of iron metabolism and was originally described in Escherichia coli as an iron-sensing repressor that controls the expression of genes for siderophore biosynthesis and iron uptake [7] . This global regulator of iron-responsive gene expression is a conserved protein in different Gramnegative bacteria [8] (Figure 1 ), it does not show any sequence homology with other regulatory proteins and contains a non-classical helix-turn-helix DNA-binding domain motif [9] . Fur controls the expression of >90 genes in E. coli [10] and is also linked to the regulation of responses to oxidative stress and nitrosative stress [11, 12] . Regardless of the presence or absence of iron, the Fur protein is a dimer in solution [13] , its N-terminal domain is involved in DNA binding and the C-terminal domain is involved in dimerization [14] . Fur contains two metal-ion-binding sites: a tight zinc-binding site that plays a role in stability of the protein and the iron-binding regulatory site. The iron-binding site contains at least two histidine residues and either an aspartate or glutamate residue as ligands; and two cysteine residues, Cys 92 and Cys 95 , that act as zinc ligands [15, 16] . Fur from E. coli and other closely related organisms have four cysteine residues [17] ; however, Fur from P. aeruginosa and other Pseudomonas spp. only have a single cysteine residue in their entire sequences. Moreover, the Fur proteins most similar to E. coli Fur have a Cys-Xaa 4 -Cys motif at their C-terminus, which was completely lacking in P. aeruginosa Fur [18] . Fur deduced amino acid sequence from P. pseudoalcaligenes CECT5344 shows that in this organism Fur contains only a cysteine residue and lacks the C-terminal motif, as happens with the protein from other Pseudomonas spp. (Figure 2) . Binding of metal cations at the regulatory site causes a conformational change largely in the N-terminal domain of the protein [16] . Fur exhibits Fe 2 + -dependent DNAbinding activity to a specific sequence (Fur box), located in the promoter region of genes directly repressed by Fur [8] . The Fur box is a 19-bp consensus sequence organized either as two inverted repeats separated by 1 bp, or as at least three contiguous hexamers, 5 -NATWAT-3 (where N is any nucleotide and W is A or T), aligned in either a direct or an inverse orientation [8, 19] . Under iron-replete conditions, the Fur protein, using Fe 2 + as a co-repressor, binds to the Fur box sequence located upstream of the Fur-regulated genes [7] . In the Fe 2 + -bound form, Fur represses genes involved in diverse processes, including respiration, flagellar chemotaxis, the TCA (tricarboxylic acid) cycle, glycolysis, methionine biosynthesis, phage DNA packaging, DNA synthesis, purine metabolism or redox stress resistance [20] . Additionally, Fur acts positively, rather than negatively, in the expression of certain genes by using an indirect mechanism at the post-transcriptional level through an antisense sRNA (small regulatory RNA) [10, 21] . Besides the classical iron-bound Fur repression, other Fur-regulated pathways not related to sRNA have been described [22] , where the Fur-Fe 2 + complex may acts directly as a transcriptional activator [23] and, in other cases, Fur can also function as an activator or as a repressor in the absence of its iron cofactor (apo-Fur) [24] .
Fur-dependent induction via repression of sRNAs
Positive regulation by Fur (Fur-dependent induction) of a number of these genes is indirect and occurs at the posttranscriptional level via repression of antisense regulatory sRNAs which facilitates degradation of the mRNAs encoding iron-using proteins [25] . In P. aeruginosa, Fur represses the expression of two nearly identical genes encoding the PrrF1 and PrrF2 sRNAs respectively [26] . The PrrF sRNAs are functionally homologous with the RyhB sRNAs encoded by E. coli, Shigella flexneri, Shigella dysenteriae, Vibrio cholerae [25, [27] [28] [29] , Neisseria meningitidis (NrrF) and Azotobacter vinelandii (ArrF) [30, 31] . In E. coli, RyhB binds to complementary sequences of target mRNAs, causing their degradation in an RNaseE-and Hfq-dependent manner [32] , and RyhB can also stabilize at least one of its target mRNAs, leading to its increased expression [33] . In P. aeruginosa strains, PrrF sRNAs are encoded in tandem, whereas all other sequenced Pseudomonas spp. encode the two PrrF sRNAs at distal genomic localization [34] . PrrF sRNAs have multiple targets and are under negative control of the Fur repressor. In P. aeruginosa, the PrrF sRNAs translationally repress the expression of bfrB, pa4880 (putative bacterioferritin), sdhCDAB (succinate dehydrogenase), acnA and acnB (aconitases), prpB (putative isocitrate lyase), antABC (anthranilate degradation), catABC (catechol degradation), katA (catalase), sodB (superoxide dismutase) and other genes encoding iron-containing proteins [4] . The targets of RyhB include genes encoding iron-storage protein (Bfr) Figure 2 Multiple alignment of the deduced amino acid sequence of Fur protein from different organisms Homology search of sequences in databases was conducted using the BLAST algorithm (http://blast.ncbi.nlm.nih.gov/ Blast.cgi). Sequence alignments and secondary structure of deduced amino acids sequences were performed using ESPript/ENDscript (http://endscript.ibcp.fr/ESPript/ESPript/index.php) [48] . The GenBank ® accession numbers of different Fur used for alignment were: PPSAL (provisional accession number JN408065) for Pseudomonas pseudoalcaligenes CECT5344, PMEN (YP_001189107) for Pseudomonas mendocina ymp, PSEPF (YP_257959) for Pseudomonas fluorescens Pf-5, PSEAE (YP_001350806) for Pseudomonas aeruginosa PA7 and ECOLI (NP_286398) for Escherichia coli. The predicted secondary structure of Fur protein is schematized on the top of the sequence. The conserved domains are boxed and the conserved cysteine residues are circled.
and enzymes of the TCA cycle (SdhABCD and AcnA) and oxidative stress response (SodB) [25] . In A. vinelandii, a nitrogen-fixing bacterium closely related to P. fluorescens, a mutation in the prrF-like gene arrF results in derepressed expression of sodB, acnA, sdhCDAB, prpB, fumA (fumarase) and phbR/phbBAC [for PHB (poly-β-hydroxybutyrate) synthesis] under iron-limiting conditions [30] .
Fur autoregulation
Fur is a highly expressed protein whose cellular abundance is likely to be necessary for effective responses at the large number of targets within the genome. Fur intracellular abundance in V. cholerae and E. coli is estimated at 2500-5000 copies per cell [11] , values much higher than that of other repressors, and comparable with that of another global regulator, the leucine-responsive regulator Lrp [35] . Fur represses its own expression under iron-replete conditions, its autoregulation is the most conserved mechanism of fur regulation and can take place in the presence, as well as in the absence, of iron [35] . In E. coli [36] , Edwardsiella tarda [37] and Neisseria gonorrhoeae [38] , Fur autoregulation shows the classical iron-bound Fur repression. In contrast, in Listeria monocytogenes, Fur is up-regulated under ironlimited conditions, being able to bind to and protect the Fur box region of the fur promoter in the absence of the metal cofactor [39] . This is also the case for Fur from Vibrio vulnificus which binds and activates fur expression in the absence of iron [40] . Nevertheless, some organisms have additional regulatory proteins to regulate Fur expression, such as the catabolite activator protein in E. coli [36] , RpoS in V. vulnificus [41] and NikR in Helicobacter pylori [42] . In conclusion, Fur acts as a rheostat of transcription to autoregulate its own expression in response to iron, which in turn controls expression of iron-induced and iron-repressed genes, providing maintenance of homoeostasis [43] .
Fur superfamily
The Fur superfamily proteins are proteins with Fur-like sequences, but which recognize different co-repressors and carry out a variety of regulatory roles. Most of these proteins are likely to function as metal-dependent DNA-binding repressors; however, within this family, the metal-dependence and metal-specificity varies widely. The Fur family includes sensors of iron (Fur), zinc (Zur), manganese (Mur) and nickel (Nur). Other family members use metal-catalysed oxidation reactions to sense peroxide stress (PerR) or the availability of haem (Irr) [44] . The mechanism of regulation of Irr is unusual within the Fur superfamily: Irr functions as a DNA-binding protein under low iron conditions and is rendered inactive by rapid proteolytic degradation in the presence of iron [45] . The actual effector of protein degradation is not free iron, but haem delivered to a haem-binding site on Irr via a direct interaction with ferrochelatase [46] .
